Featured Application: Three-dimensional integrated circuit (3D-IC) is the trend for future C development because of its small form factor, high performance, low cost, and heterogeneous integration in system-in-package technologies. Several issues associated with 3D-IC besides their fabrication processes are being addressed, such as heat dissipation and so on, however, the electromagnetic interference between stacks has not been considered. In view of the high operating frequency, high power requirements of today IC, and together with the decreasing separation between the stacked dies, investigation on the subject matter is necessary, as they will soon become important. Unfortunately, the study of electromagnetic interference (EMI) within 3D-IC is difficult from the measurement, as elaborated in this paper. In this work, we develop a simulation methodology and show the importance of EMI evaluation for 3D-IC, and we also illustrate the presence of minimum separation between the stacked dies for the avoidance of EMI. Abstract: Advancements in the functionalities and operating frequencies of integrated circuits (IC) have led to the necessity of measuring their electromagnetic Interference (EMI). Three-dimensional integrated circuit (3D-IC) represents the current advancements for multi-functionalities, high speed, high performance, and low-power IC technology. While the thermal challenges of 3D-IC have been studied extensively, the influence of EMI among the stacked dies has not been investigated. With the decreasing spacing between the stacked dies, this EMI can become more severe. This work demonstrates the potential of EMI within a 3D-IC numerically, and determines the minimum distance between stack dies to reduce the impact of EMI from one another before they are fabricated. The limitations of using near field measurement for the EMI study in stacked dies 3D-IC are also illustrated.
Introduction
Three-dimensional stack-dies integrated circuit (3D-IC) is a technology used for multi-functionality and high-speed circuit devices [1] . 3D-IC has received much interest recently because of its small form factor, high performance, and heterogeneous integration in system-in-package technologies [2] [3] [4] . Near-field (NF) measurement is the basic for the detection of EMI at IC level. In the work of [24] , the correlation between near field scanning and electrostatic discharge susceptibility measurement of the CPU IC is studied, which is an initial study for the application of NF measurement. In another paper [25] , a procedure is shown to characterize radiated EMI and nearby conducting objects using near-field scanning measurements. Yu et al. [26] proposed a model from near-field measurement to calculate the magnitude and phase of the dipoles. In the work of [27] , Slattery showed that near field scanning can be utilized to calculate far field from the IC. ICs are often the primary source of radiated emissions, and near field magnetic field can help engineers to track down EMI culprit and solve the With this decreasing trend of the distance between the dies, one limitation will be the thermal dissipation of the 3D-IC, and another one will be the electromagnetic interference between them. If Appl. Sci. 2020, 10, 748 3 of 16 one of the dies in the 3D-IC stack is the source of EMI, it could affect the nearby dies when the distance between them is small. This work explores the latter limitation.
This limitation depends on two factors. One is the circuit susceptible to EMI and another one is the parasitic coupling. The former one requires ingenious circuit design, which is beyond the scope of this work.
To reduce the parasitic coupling with the decreasing distance between the dies, several possibilities are available. Adding of ground plane between them or adjusting the placement of vias to conduct away the electromagnetic field are some examples. Irrespective of the methods employed, a method to evaluate the EMI in the stack before fabrication of the 3D stack dies will be necessary.
Near-field (NF) measurement is the basic for the detection of EMI at IC level. In the work of [24] , the correlation between near field scanning and electrostatic discharge susceptibility measurement of the CPU IC is studied, which is an initial study for the application of NF measurement. In another paper [25] , a procedure is shown to characterize radiated EMI and nearby conducting objects using near-field scanning measurements. Yu et al. [26] proposed a model from near-field measurement to calculate the magnitude and phase of the dipoles. In the work of [27] , Slattery showed that near field scanning can be utilized to calculate far field from the IC. ICs are often the primary source of radiated emissions, and near field magnetic field can help engineers to track down EMI culprit and solve the problems with a robust IC design [28] .
With the well-known rapid decrease of the intensity of EM wave with the distance [29] , if the source for high EMI is from the die in the middle of the stack of a 3D-IC, such near field measurement will not be able to pinpoint the source of high EMI. Therefore, a computational method is required, and if the computation can be performed before the fabrication of the dies, the cost and time for re-design can be saved significantly, and it is this necessity that forms the motivation of this work.
While the equation of the intensity of electromagnetic field strength versus distance is well known, the 3D distribution of the field strength in the presence of various materials within each die, as well as the 2D distribution of electromagnetic field over a given circuit on a die, are to be determined in order to evaluate the EMI. This work proposes a simulation method from a given GDSII file for such evaluation, and we aim to provide the evaluation before the fabrication of the 3D-IC.
The example studied in this work on the stacking of power amplifier ICs is expected to be the future, and research is being done on the thermal management [30] [31] [32] [33] . While thermal management research is being considered, the impact of electromagnetic interference (EMI) among the stack dies has not been studied. This work represents the first of its kind. Advancements in the functionalities and operating frequencies of integrated circuits (IC) have led to the necessity of measuring their EMI. The stacking of power amplifier chips in this work can be considered as an extreme case so as to bring out the important of the EMI consideration in stack dies more vividly, and it is also a good example of generalization of ICs with multi functionality of communication, high performance, and high frequency IC technology. The methodology developed here can be applied easily to other cases of stack dies.
Integrated Circuit under Study
This work employs the gallium nitride high electron mobility transistor (GaN-HEMT) power amplifier IC as an example, which operates on frequency range of 2-4 GHz (S-band of electromagnetic spectrum). This IC possess the current advancements in frequency and power, which makes it a potential candidate to study the effect of EMI in this work. To illustrate the methodology developed here, we use a hypothetical 3D-IC where we stack up two and three of this same IC to form the 3D-IC in this work, and the severity of EMI in the stacked dies is also computed.
An optical image of the power amplifier IC under study at 1600× magnification is shown in Figure 2 . Its input power (Pin) is 28 dBm and the corresponding output power (Pout) is 30.3 dBm. Drain to source voltage (VDS) of the transistors is 26 V with the gate to source voltage (VGS) of −2.8 V. The dimensions of the IC are 1700 µm × 1400 µm × 107.92 µm. developed here, we use a hypothetical 3D-IC where we stack up two and three of this same IC to form the 3D-IC in this work, and the severity of EMI in the stacked dies is also computed.
An optical image of the power amplifier IC under study at 1600× magnification is shown in Figure 2 . Its input power (Pin) is 28 dBm and the corresponding output power (Pout) is 30.3 dBm. Drain to source voltage (VDS) of the transistors is 26 V with the gate to source voltage (VGS) of −2.8 V. The dimensions of the IC are 1700 μm × 1400 μm × 107.92 μm. 
Simulation Methodology
Recently, Tan et al. [34] developed a method to "fabricate" an IC from its GDSII file in a computer under ANSYS environment. Once the IC is fabricated, the ANSYS high frequency structure simulator (HFSS) is employed to compute the EM field distribution over the surface of the chip. ANSYS HFSS has a limitation that it cannot simulate transistors. To overcome the limitation of ANSYS HFSS, transistors are removed from the layout and respective voltages and currents as obtained from circuit simulator are inputted at respective circuit nodes for the proper functionality of the IC. With such replacements, our circuit can be completed, and the currents thus computed will be accurate. In this work, the values of these voltages and currents are obtained from the advanced design systems (ADSs) file of the circuit during the circuit simulation in the post layout phase. Figure 3 shows the flow chart of the method as also reported in the work of [28] for clarity, and Figure 4 shows the "fabricated" IC in the ANSYS environment. With this method, the magnetic field distribution of the IC can be obtained at different frequencies (2, 3, and 4 GHz). The method is verified with experimental results, as shown in the work of [34] . 
Recently, Tan et al. [34] developed a method to "fabricate" an IC from its GDSII file in a computer under ANSYS environment. Once the IC is fabricated, the ANSYS high frequency structure simulator (HFSS) is employed to compute the EM field distribution over the surface of the chip. ANSYS HFSS has a limitation that it cannot simulate transistors. To overcome the limitation of ANSYS HFSS, transistors are removed from the layout and respective voltages and currents as obtained from circuit simulator are inputted at respective circuit nodes for the proper functionality of the IC. With such replacements, our circuit can be completed, and the currents thus computed will be accurate. In this work, the values of these voltages and currents are obtained from the advanced design systems (ADSs) file of the circuit during the circuit simulation in the post layout phase. Figure 3 shows the flow chart of the method as also reported in the work of [28] for clarity, and Figure 4 shows the "fabricated" IC in the ANSYS environment. With this method, the magnetic field distribution of the IC can be obtained at different frequencies (2, 3, and 4 GHz). The method is verified with experimental results, as shown in the work of [34] .
In Figure 4a , black circles represent input ports, while Pin is another input port used in simulation in HFSS.
The following equations are used in determining the electromagnetic distribution as given below [35] :
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E(x,y,z) is a phasor representing an oscillating electric field; k 0 is the free space wave number; ω √ µ 0 ε 0 , where ω is the angular frequency, which is 2πf ; µ r is the complex relative permeability; ε r is the complex relative permittivity;
S represents the radiation boundary surfaces;
j is the imaginary unit ( √ −1); ε 0 is the relative permeability of the free space;
H tan is the component of the magnetic field that is tangential to the surface; E normal is the component of the electric field that is normal to the surface; E tan is the component of the electric field that is tangential to the surface; G is the free space Green's function; J is the current density.
Equations (1)-(3) are employed in the finite element method (FEM). FEM solves for the three-dimensional electromagnetic field, taking x, y, and z directions in consideration, and solves for the volume distribution using the curl function. As we are dealing with 3D IC, FEM in ANSYS HFSS will be most appropriate for the determination of EM distribution.
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The following equations are used in determining the electromagnetic distribution as given below [35] : To perform electromagnetic field calculation, FEM is necessary. This necessity can be seen by comparing the magnetic field simulation using HFSS (which utilizes FEM) and SIwave (which uses method of moments (MOM)). Figure 5a shows the test structure used for magnetic field simulation and Figure 5b shows the results. One can see a significant difference in the amplitude and distribution of the magnetic field between the two methods. As solved Maxwell equations in FEM (3D method) will be more accurate, MOM (2.5D method) should be used with caution.
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To perform electromagnetic field calculation, FEM is necessary. This necessity can be seen by comparing the magnetic field simulation using HFSS (which utilizes FEM) and SIwave (which uses method of moments (MOM)). Figure 5a shows the test structure used for magnetic field simulation and Figure 5b shows the results. One can see a significant difference in the amplitude and distribution of the magnetic field between the two methods. As solved Maxwell equations in FEM (3D method) will be more accurate, MOM (2.5D method) should be used with caution.
(a) (b) Figure 5 . Comparison of method of moments (MOM) and finite element method (FEM) simulation: (a) side and top view of test structure used for simulation, (b) magnetic field distribution in HFSS (3D method) and SIwave (2.5D method) software, respectively.
The impact of the H-field is more significant than electric field emissions in vicinity of the device, as wave impedance for the H-field is small and increases with the distance from the source [36] . After some distance from the source, wave impedances of the H-field and electric field become same, which is found to be 318 mm for the present case, as calculated using the Equation in the work of [36] . However, near field measurements in the present scenario are conducted at 0.2 mm, and thus magnetic field analysis becomes important. For the effect of EMI on 3D-IC circuits, the distance is even smaller, and hence magnetic field computation is the focus of this work.
Dielectric layers used in ANSYS HFSS simulation methodology are silicon carbide (SiC), GaN, and silicon nitride (SiN) to resemble the actual IC. Perfect electric conductor (PEC) boundary condition is used for ground plane and lumped port excitation is provided [34] . The overall electromagnetic simulation takes around 20 min. Figure 6 shows the simulation result for 3 GHz operating frequency, respectively. Such a simulation method has been verified experimentally in our other works [34] .
However, near field measurements in the present scenario are conducted at 0.2 mm, and thus magnetic field analysis becomes important. For the effect of EMI on 3D-IC circuits, the distance is even smaller, and hence magnetic field computation is the focus of this work.
Dielectric layers used in ANSYS HFSS simulation methodology are silicon carbide (SiC), GaN, and silicon nitride (SiN) to resemble the actual IC. Perfect electric conductor (PEC) boundary condition is used for ground plane and lumped port excitation is provided [34] . The overall electromagnetic simulation takes around 20 min. Figure 6 shows the simulation result for 3 GHz operating frequency, respectively. Such a simulation method has been verified experimentally in our other works [34] . Figure 7 shows the magnetic field strength of the device under test plotted at various vertical distances and operating frequencies from the surface of the IC. The maximum magnetic field strength of 1.07 × 10 5 A/m, at 3 GHz operating frequency, is present at the top surface of the IC, and it decreases to 4.60 × 10 4 A/m drastically within a very small change in distance (around 1 μm) from the surface of the IC. At 40 μm vertically from the surface of the IC, the maximum magnetic field strength is reduced to approximately 10 3 A/m, and it is reduced to around 10 2 A/m at 140 μm above the surface. This is expected as the magnetic field is inversely proportional to square of the distance according to inverse square law [27] . Therefore, with the current commercial near field measurement at 200 μm from the surface, the severity of EMI from an IC can be underestimated, but this can be unimportant as the EMI strength decreases rapidly outside the package. However, such EMI can affect the nearby circuits within a chip and has yet been overlooked. Either these nearby circuits can be on the same die, or they can be on the stacked die, if they are close. If the strong EME source is within the stack dies instead of the topmost die, its identification will not be possible with the current near field measurement. In fact, even if the hot spot for EME is on the topmost die, its identification will be difficult, as illustrated below. Figure 7 shows the magnetic field strength of the device under test plotted at various vertical distances and operating frequencies from the surface of the IC. The maximum magnetic field strength of 1.07 × 10 5 A/m, at 3 GHz operating frequency, is present at the top surface of the IC, and it decreases to 4.60 × 10 4 A/m drastically within a very small change in distance (around 1 µm) from the surface of the IC. At 40 µm vertically from the surface of the IC, the maximum magnetic field strength is reduced to approximately 10 3 A/m, and it is reduced to around 10 2 A/m at 140 µm above the surface. This is expected as the magnetic field is inversely proportional to square of the distance according to inverse square law [27] . Therefore, with the current commercial near field measurement at 200 µm from the surface, the severity of EMI from an IC can be underestimated, but this can be unimportant as the EMI strength decreases rapidly outside the package. However, such EMI can affect the nearby circuits within a chip and has yet been overlooked. Either these nearby circuits can be on the same die, or they can be on the stacked die, if they are close. If the strong EME source is within the stack dies instead of the topmost die, its identification will not be possible with the current near field measurement. In fact, even if the hot spot for EME is on the topmost die, its identification will be difficult, as illustrated below. Figure 8a shows the magnetic field distribution at the surface of the IC, where the spot for high EME can be identified with high precision. As the observational plane moves away from the surface, the area of the hot spot disperse, and this dispersion renders it difficult to identify the actual source of EME precisely. At 50 μm, several hot spots of EME appear as a result of the dispersion, and this can result in tackling the wrong parts of a circuit to reduce the EMI. Such a situation will be very likely for stacked dies in 3D. In other words, even if high EME exists on a die, localization of hot spot through electromagnetic field measurement will not be possible. Figure 8a shows the magnetic field distribution at the surface of the IC, where the spot for high EME can be identified with high precision. As the observational plane moves away from the surface, the area of the hot spot disperse, and this dispersion renders it difficult to identify the actual source of EME precisely. At 50 µm, several hot spots of EME appear as a result of the dispersion, and this can result in tackling the wrong parts of a circuit to reduce the EMI. Such a situation will be very likely for stacked dies in 3D. In other words, even if high EME exists on a die, localization of hot spot through electromagnetic field measurement will not be possible. In fact, the above results indicate that the vertical distance for near field (NF) scanning should be in the region from 10 to 40 µm. However, below 10 µm, the equipment required to perform NF measurement is not available and, beyond 40 µm, the precision to find the source of EMI is low. Thus, simulation of EM field strength is necessary. In practical measurement, the probe distance is usually set at 200 µm to prevent the damage to the probe during scanning.
Electromagnetic Field Intensity Distribution

As the electromagnetic field strength decreases significantly over the distance, one can determine the minimum distance between dies separation for 3D-ICs, so that the effect of EMI from a die will have minimum effect on other dies in a stack. To investigate this minimum separation between the dies, simulation is performed on a hypothetical 3D-IC using GaN-HEMT power amplifier IC, as shown in Figure 9 , with two dies (2D-3D-IC) and three dies (3D-3D-IC) aligned vertically to each other. The vertical separation between the dies (denoted as 'X') varies from 25 µm to 300 µm in this work.
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(b) Figure 9 . Hypothetical 3D-IC layout in HFSS: (a) two layers in stack of 3D-IC (2D-3D-IC) and (b) three layers in stack of 3D-IC (3D-3D-IC). Figure 10 shows the magnetic field distributions on the surface of the topmost die as the distance between the two dies vary in 2D-3D-IC. Change in 'X' changes the magnitude of the magnetic field distribution significantly, as expected, especially when the distance between them is very small. The distribution pattern remains the same, as all the operational conditions are identical. Figure 11 shows that the maximum magnetic field strength for 2D-3D-IC at the surface is 7.44 × 10 5 A/m, where the red line represents the maximum magnetic field strength for single IC at the surface, which is 1.07 × 10 5 A/m. We are seeing more than double in the maximum magnetic field strength with an additional die. This value decreases rapidly as we increase the dies' separation, but it is always more than 1.07 × 10 5 A/m, showing the significant effect of EMI from one die to another in a stack. The EMI increases up to seven times when two dies stack up. Figure 11 . Maximum magnetic field strength versus the distance between the layers of 2D-3D-IC at 3 GHz operating frequency. Figure 12 shows the difference in the maximum magnetic field for 2D-3D-IC and 3D-3D-IC, where the black line represents the maximum magnetic field strength for single IC at the surface, which is 1.07 × 10 5 A/m. The maximum magnetic field strength for 3D-3DIC structure obtained is 4.28 × 10 6 A/m. Although this maximum value decreases as we increase the dies' separation, it will always be greater than 7.44 × 10 5 A/m, which is maximum magnetic field strength of the 2D-3D-IC structure. In other words, the more dies are stacked up, the higher will be the maximum magnetic field strength. Hence, it could be possible that each die in a stack may not have high EME, and the stacked structure could have very high EME that renders circuit malfunction. Figure 11 . Maximum magnetic field strength versus the distance between the layers of 2D-3D-IC at 3 GHz operating frequency. Figure 12 shows the difference in the maximum magnetic field for 2D-3D-IC and 3D-3D-IC, where the black line represents the maximum magnetic field strength for single IC at the surface, which is 1.07 × 10 5 A/m. The maximum magnetic field strength for 3D-3DIC structure obtained is 4.28 × 10 6 A/m. Although this maximum value decreases as we increase the dies' separation, it will always be greater than 7.44 × 10 5 A/m, which is maximum magnetic field strength of the 2D-3D-IC structure. In other words, the more dies are stacked up, the higher will be the maximum magnetic field strength. Hence, it could be possible that each die in a stack may not have high EME, and the stacked structure could have very high EME that renders circuit malfunction.
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With the decrease of 'X' in 3D-ICs, an increase in the EMI can be expected. Tradeoff is thus required to keep the emissions and distance in check, and it requires careful evaluation, which is demonstrated in this work.
For the example used in this work, the optimum distance between stack of dies should be around 50 µm for 2D-3D-IC, while this value increases to 105 µm for 3D-3D-IC, shown by green lines in Figures 11 and 13 , respectively. These values are considered because further increase in 'X' does not result in a significant reduction in the magnetic field. If the lowest EMI is needed, then 'X' should be even more, but there is a limit on the minimum magnetic field achievable, which is higher with a higher number of stacked dies.
The lowest EMI in 3D-IC structure is always higher than the single IC, as can be seen in Figures 12  and 13 , and thus reduction of EMI from a 3D-IC architecture is critical.
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Conclusions
Integrated circuits for high-speed applications are prone to electromagnetic interference (EMI) issues. For detecting these EMIs, near field electromagnetic measurement is an important tool, as it is helpful in determining the locations of high electromagnetic emission (EME hot spots) within the IC. As the 3D stack dies technology is increasingly important owing to its several advantages, the EMI issue within the stacked dies must be considered when the stack dies are high frequency and high power.
However, near field electromagnetic measurement is ineffective to identify the hot spots of electromagnetic emission within the stacked dies, as illustrated in this work, and a computational Figure 13 . Maximum magnetic field strength versus the distance between the layers of 3D-IC at 3 GHz operating frequency at the top surface of all the dies.
However, near field electromagnetic measurement is ineffective to identify the hot spots of electromagnetic emission within the stacked dies, as illustrated in this work, and a computational method is developed to evaluate and identify the EME hot spots in integrated circuits with experimental verification. Using this method, we found that the EMI issue within the stack dies is a lot more severe. This work shows that the minimum value of the maximum magnetic field strength for 3D-stacked IC, as the distance between the stack increases, is about six times higher than an un-stacked IC. If the stack distance is smaller, the magnetic field strength can be as high as 16 times as compared with an unstacked IC. Thus, a minimum distance between the stack must be maintained. The actual minimum distance depends on the electromagnetic susceptible of the designed circuit. The method developed in this work can be done at the IC design stage before fabrication, enabling optimization of the stack distance as well as circuit design for reducing the EMI, and eliminating the significant cost of fabrication owing to improper design. 
